Abstract: The effect of varying transverse posttensioning levels and arrangements on the load response of a one-half scale 30°skewed seven box beam bridge model was investigated. The effective span of the bridge model was 9.45 m (31 ft) with a width of 3.35 m (11 ft) and depth of 355.6 mm (14 in.). The bridge model was prestressed and reinforced with carbon fiber composite cables (CFCCs). CFCCs were also used as shear reinforcement. The bridge model was provided with five transverse diaphragms equally spaced along the length of the bridge. The experimental investigation included load and strain distribution tests and a flexural ultimate load test. The load and strain distribution tests were conducted on the bridge model with and without full-depth longitudinal cracks at the shear-key locations. The investigation showed that the application of an adequate transverse posttensioning force was successful in restoring the load distribution of the bridge model with fulldepth longitudinal deck cracks to that of the case without deck cracks. The ultimate load and the associated compression-controlled failure mode of the bridge model agreed well with that predicted according to ACI 440.4R-04 and numerical analysis. The behavior of the bonded pretensioned and reinforced CFCC strands was linear elastic and remained intact throughout the collapse of the bridge model. The unbonded transverse posttensioned CFCC strand also remained intact.
Introduction
Box beams are a common type of cross section used in the construction of highway bridges in the United States. Box beam sections are noted for their torsional rigidity and their high spanto-depth ratio. However, bridges constructed with multibox girders have problems such as the development of longitudinal cracks and associated uneven deterioration of beams owing to the uneven load distribution (Frosch et al. 2003) . The development of longitudinal cracks, which most often are full depth, cause a separation of the side-by-side box beams so that the monolithic action of the bridge system is lost. A mitigating method to delay the onset and adverse effect of longitudinal deck cracking is the use of transverse posttensioning (Csagoly 1997; Poston et al. 1989; Moll 1984) . Effective transverse posttensioning develops residual compressive stresses in the deck slab and enables shear transfer between adjacent beams.
The transverse posttensioned strands can either be bonded or unbonded. Bonded posttensioning is achieved by grouting the posttensioning duct when steel strands are used. The grout also protects the steel from corrosion. A benefit in the use of unbonded transverse posttension is that it could be changed or removed during the service life of the bridge (e.g., Grace et al. 2010) .
Furthermore, the skew angle of bridges was observed to influence the distribution of live loads to the bridge girders. Highway bridges are aligned based on the horizontal alignment of the road, and therefore, many bridge layouts are skewed. In such cases, the longitudinal girders are skewed relative to their supporting abutments and piers. When the skew angles are less than 30°, less than 5% reduction in the live load-distribution factor is observed. With skew angles between 30°and 60°, the distribution factor reduced by 28% (Barr et al. 2001) .
Another prominent factor influencing the deterioration of concrete bridge structures is the corrosion of the steel reinforcement. The presence of cracks and road deicing salts may over time accelerate steel corrosion. The premature deterioration is usually characterized by development of longer and wider cracks in the concrete, excessive deflection, spalling of the concrete, and loss of structural strength (Li et al. 2008) . To eliminate the problem of reinforcement corrosion, fiber reinforced polymers (FRP) reinforcements have been developed and are currently in use. Their application has been successfully demonstrated in the laboratory and the field (Rizkalla and Tadros 2003; Grace et al. 2002; Stone et al. 2002; Burke and Dolan 2001; Benmokrane et al. 1996) . Results from such studies have supported the development and the release of design codes by American Concrete Institute (ACI) such as ACI 440.1R-06 (ACI 2006) and ACI 440. 4R-04 (ACI 2004) . However, experimental evidence supporting the design methodology applicable to large or full-scale bridge models reinforced with CFRPs is still limited (Grace et al. 2003 (Grace et al. , 2010 Rizkalla and Tadros 2003; Theriault and Benmokrane 1998) . This paper presents the experimental investigation of the largescale CFRP reinforced concrete bridge model. The focus of the investigations is to demonstrate the service state behavior and to compare the failure behavior of the bridge model with design guidelines and numerical predictions. The bridge model, effective span 9.45 m (31 ft) with a width of 3.35 m (11 ft), consisted of a one-half scale 30°skewed seven box beam bridge. The bridge model was prestressed and reinforced with carbon fiber composite cable (CFCC). CFCCs were also used as shear reinforcement and as unbonded transverse posttensioning strands. The service state performance of the newly constructed bridge model with varying transverse posttensioning levels and number of transverse diaphragms was evaluated from load and strain distribution tests. The effect of longitudinal deck cracks on the load distribution was also evaluated. In addition, the effect of the bridge width on the strain distribution is discussed by comparing results from this study with results available in the literature (Grace et al. 2010 ).
Experimental Investigation
The experimental investigation involved the construction, instrumentation, and testing of a one-half scale, 30°skewed, seven side-by-side box beam bridge model. The seven beams were designated B1-B7 (Fig. 1) . Each box beam was reinforced with CFCC pretensioning, nonpretensioning and transverse posttensioned (TPT) strands. The box beams were 457 mm (18 in.) wide, 279 mm (11 in.) deep, and 9.75 m (32 ft) long with a 127 × 254 mm ð5 × 10 in:Þ center hollow portion. The bridge model had five transverse diaphragms equally spaced at 1.98 m (6.5 ft) along its length. The effective span of the bridge model was 9.45 m (31 ft; Fig. 2 ).
Construction
The two exterior beams (B1, B7) had 30°skewed projected concrete bearing at the transverse diaphragm locations. The reinforcement cages were made from eight (four top and four bottom) 1 × 7, 10.5 mm (0.4 in.) nonpretensioning CFCC strands, and 9-mmdiameter (0.35 in.) CFCC stirrups (Tokyo Rope 2007). The stirrup spacing was 101.6 mm (4 in.) center-on-center between the diaphragms and arranged according to AASHTO 6.65.12 (AASHTO 2007) at the diaphragms. Each box beam was longitudinal prestressed with three 1 × 7, 15.2 mm (0.6 in.) CFCC strands. Styrofoam blocks [ð254 mmÞ10 in: wide × ð127 mmÞ5 in: deep] were inserted into the reinforcement cages to fill up the center hollow portion of the box beams. The ducts of the transverse diaphragm were ellipsoidshaped aluminum tubes and were 114.3 mm (4.5 in.) wide by 152.4 mm (6.0 in.) deep. This was to facilitate the passage of the two unbonded 1 × 7, 17.2 mm (0.7 in.) CFCC strands. Each transverse posttensioning strand was preinstalled with a threaded metal anchorage system at both ends ( Fig. 3 insert) to enable varying the TPT forces as needed. Properties of the CFCC reinforcement are shown in Table 1 .
Each box beam was prestressed to 334 kN (75 kip) by using a portable hydraulic pump and jack. The prestress force in each pretensioning CFCC strand [107 kN (25 kip)/strand] was measured using load cells. A ready mix concrete with an average 28-day compressive strength of 49 MPa (7,100 psi) was used to construct the beams. The seven precast box beams were placed side-by-side with a 38.1 mm (1.5 in.) gap between each beam. Grout mixed, from Five Star Structural Concrete (Five Star Products, Inc., Fairfield, CT) was placed in the gap to form the shear-keys. Two unbonded CFCC TPT strands were then passed through each diaphragm. An initial TPT force of 44.5 kN (10 kips) per diaphragm was applied to hold the beams in place during placement of the 76.2 mm (3 in.) deck slab. The CFCC nonpretensioning reinforcement grid for the deck slab was tied to the stirrups projecting from the precast beams. The deck slab was constructed from a ready mix concrete with an average 28-day compressive strength of 41 MPa (6,000 psi). The completed bridge model is shown in Fig. 3 .
Instrumentation
The bridge model was instrumented for the load and strain distribution test and the flexural test. Linear motion transducers (LMTs) were installed under each of the seven beams at the midspan of the bridge. Several strain gauges were installed on the deck slab in a grid as shown in Fig. 4 . In Fig. 4 , gridlines A-F indicate the longitudinal axes along the shear keys. Gridlines 1, 3, and 5 indicate the 30°skewed axis along the center, quarter, and end-span transverse diaphragms. Gridlines 2 and 4 are midway between the transverse diaphragms parallel to gridlines 1, 3, and 5. Also, strain gauges were installed on the internal CFCC strands at the midspan. Load cells were placed at the dead end of each CFCC posttensioning strand.
Testing

Load and Strain Distribution Test of the Bridge Model
The load and strain distribution tests were conducted to quantify the difference in the load and strain response when applying different levels of TPT force at the diaphragms. The TPT force levels applied were 445, 356, 267, 178, 89 and 0 kN (100, 80, 60, 40, 20, and 0 kip) . Also, at a constant TPT force of 445 kN (100 kip), the number of transverse diaphragms posttensioned were varied from 5, 4, 3 to 0. The investigations were conducted with two different deck configurations; the uncracked deck slab and the deck slab experiencing longitudinal cracks along the shear keys. The cracking process involved saw-cutting a 12.7-mm (0.5-in.) deep notch in the deck along the length of each shear key. A vertical load was applied at the midspan of the exterior beam B7 whereas the remaining beams were restrained (Fig. 5) . The load was removed once the longitudinal crack propagated from the notch through the full depth of the shear key. The process was repeated by applying the vertical load on the next interior box beam, B6, and restraining the remaining adjacent beams (B1-B5).
The load-distribution test was conducted by applying a vertical load of 133 kN (30 kip), less than the analytical bridge-cracking load of 151 kN (34 kip), at the midspan of each of the seven box beams and by measuring the associated beam deflections. During the strain-distribution test, the strains on the surface of the bridge deck over the shear-key joints were obtained. This test involved applying the TPT forces at the diaphragms while the deck slab was intact without applying the vertical loads.
Ultimate-Load Test of the Bridge Model
The ultimate flexural load test concluded the experimental test program. The following characteristics were evaluated: cracking load, ultimate load, mode of failure, and the associated behavior of the CFCC reinforcement. A spreader beam was utilized at midspan to distribute the load across the width of the simply supported bridge model. A 889.6 kN (200 kip) capacity actuator was used. Before the test, all transverse diaphragms were posttensioned to 445 kN (100 kip) force. The bridge was subjected to incremental static cycles of 111, 156, 222, 334, and 378 kN (25, 35, 50, 75, and 85 kip) to determine the cracking load and the elastic and inelastic deformations. After the quasi-static load cycle test, the bridge model was loaded until failure.
Numerical Analysis
The ultimate failure load observed from the experimental investigation was compared with the numerically predicted load in a 3-dimensional (3D) finite-element analysis (FEA) of the bridge model. The software package ABAQUS (2008) was used. The box beams of the bridge and the deck slab were modeled with 8-node brick elements (C3D8R). The pretensioned and nonpretensioned CFCC strands were modeled by using 2-node linear 3D truss elements (T3D2). The bridge model was meshed with a maximum mesh size of 102 mm (4 in.) and shown in Fig. 6 . The longitudinal pretensioned and the TPT forces were applied as concentrated forces at the ends of the pretensioned strands and at the bearing plates located by each transverse diaphragms, respectively. The elastic behavior of the concrete and the CFCC reinforcements were defined by their modulus of elasticity and Poisson's ratio. Concrete exhibits both elastic and inelastic behavior during loading; the inelastic behavior is complex because it involves modeling of the cracking behavior, compression hardening, and tension softening of the concrete. The "Concrete Damaged Plasticity" model available in the software package was used.
Results and Discussion
Load Distribution
Typical results of the load-distribution test are presented in Figs. 7 and 8. The general results obtained from the test are discussed subsequently.
Effect of Varying TPT Force Level
The effect of varying the TPT force level on the bridge model was insignificant when the bridge deck was uncracked. A constant deflection of 5.33 mm (0.21 in.) was observed in each loaded beam and unloaded adjacent beams at all TPT force levels. For the cracked deck slab, a significant effect of the TPT force level was observed. When the force was increased from 0-178 kN (0-40 kip), a decrease in overall bridge deflection was observed. Yet, increasing the force beyond 178 kN (40 kip) up to 445 kN (100 kip) did not result in any significant change in the deflection response.
The full-depth shear keys and the deck slab were effective in distributing the single point load equally to all the beams when the bridge experiences no longitudinal deck cracks. However, once cracking occurs, increasing the TPT force level improved the distribution of the applied load to all the beams and increased the flexural stiffness of the bridge model. 
Effect of Varying the Number of Transverse Diaphragms
The effect of varying the number of transverse diaphragms posttensioned from 5, 4, 3, to 0 on the load distribution was insignificant when the bridge deck remained uncracked. The same deflection of approximately 5.33 mm (0.21 in.) was observed in each loaded beam when the number of diaphragms was varied. After cracks were induced, the deflection of the loaded beam B4 (Fig. 8) was 10.41 mm (0.41 in.) when none of the diaphragms were posttensioned. Increasing the number of posttensioned diaphragms to three or four significantly decreased the deflection in beam B4 to 8.64 mm (0.34 in.). Increasing the number of diaphragms to five resulted in a slight decrease in beam B4's deflection to 7.87 mm (0.31 in.). When TPT forces were applied, the deflections of the loaded and unloaded beams were almost equal and showed an effective distribution of load in the bridge model. Yet, a slight reduction was seen in deflection when increasing the number of diaphragms posttensioned to five. The increase in the number of transverse posttensioned diaphragms increased the lateral confinement and improved the monolithic behavior of the bridge model.
Strain Distribution
Typical results from the strain-distribution tests are presented in Figs. 9-11. The results are compared with the AASHTO LRFD (2007) minimum transverse prestress limit of 1.7 MPa (250 psi). This is equivalent to a minimum strain of 60με for this bridge model.
At all TPT force levels, the transverse compressive strains were highest above the outermost shear keys. The compressive strain decreased toward the center of the deck slab. Also, compressive strains were observed only near the active transverse diaphragms and decreased to almost zero midway between the posttensioned diaphragms. This showed that posttensioning at the transverse diaphragms does not generate a uniform transverse compression state in the deck. An increase in the TPT force level from 89-445 kN (20-100 kip) resulted in a corresponding increase in the transverse strain on the bridge deck from À39με to À92με. However, the change in maximum strain when increasing the TPT level from 356-445 kN (80-100 kip) was insignificant.
Effect of Bridge Width on Strain Distribution
A comparison was made of the strain distribution in a narrow-width bridge with that in a wider-width bridge. Transverse straindistribution results of this seven box beam bridge (wider-width), at a TPT level of 356 kN (80 kip) applied to all five diaphragms, was compared with a previous study involving a four-box beam bridge (narrow-width) with similar configuration and diaphragm arrangement (Grace et al. 2010 ). In the case of the four-beam bridge, a transverse strain of 192με was observed along the exterior shear key (gridline A) at the midspan diaphragm. The corresponding strain along the exterior shear key (gridline A) of the sevenbeam bridge was 90:3με. Less transverse strains developed on the wider-width, side-by-side, box beam bridge deck compared with the narrow-width bridge. The wider-width bridge provided more resistance to the transverse prestress, hence, reducing the transverse strains on the bridge deck. In general, transverse strains on the deck slab of both bridge models were nonuniform and localized at the diaphragms.
Ultimate Load Test of the Bridge Model
After the load and strain distribution test, the bridge model was subjected to 111, 156, 222, 334, and 378 kN (25, 35, 50, 75 , and 85 kip) quasi-static load cycle tests. After the cycle loading, the bridge was loaded at a constant load rate of 9 kN=min (2 kip= min) until failure. Cracks were initiated at the midspan of the box beam bridge and propagated toward the deck slab as the load increased. The crack widths ranged from 0.051-0.251 mm (0.002-0.010 in.). At failure, the cracks were almost vertical and concentrated within the middle half-span of the bridge. The observed cracking load of the bridge was 176.1 kN (39.6 kip) as shown in Fig. 12 , and compared well with the predicted cracking load of 151. The failure mode of the bridge model was compressioncontrolled and confirmed the predicted failure mode of ACI 440. 4R-04, 3.4.1.2 (2004) in which the reinforcement ratio (0.39%) was greater than the balanced ratio (0.22%). At failure, the concrete crushed whereas the CFCC pretensioned and nonpretensioned strands remained undamaged as shown in Fig. 13 .
All the CFCC pretensioned and nonpretensioned strands exhibited a linear behavior throughout the flexural test as shown in Fig. 14. The strains in the pretensioned CFCC strands ranged from 9,120-10;336με. The ultimate strain is 16;000με for the CFCC pretensioned strands. The maximum strain observed at failure in the bottom nonpretensioned CFCC strands was 3;542με, and the corresponding strain in the top nonpretensioned CFCC strands was 1;448με. The ultimate strain of the CFCC nonpretensioned strands is 17;000με. All the CFCC strands remained intact and undamaged at bridge failure as designed. The measured compressive strain of the concrete near the location of crushing on the deck slab was À2;228με. During the test, no significant change in the TPT force level of 445 kN (100 kip) was observed, and the unbonded TPT strands remained undamaged at the failure of the bridge model.
Conclusions
The following conclusions are drawn from the investigations conducted on the one-half scale, 30°-skewed, seven box beam bridge model reinforced with CFCC bonded pretensioned and nonpretensioned and also unbonded transverse posttensioned reinforcement: • The bridge model behaved as expected during flexural cracking and ultimate load tests. The experimental results were in good agreement with the predicted results according to ACI 440. 1R-06 (2006) and numerical analysis.
• The behavior of the bonded pretensioned and nonpretensioned CFCC strands was linear throughout the load tests. Also, the TPT CFCC strands remained intact throughout failure.
• The application of the appropriate TPT arrangement was successful in limiting the differential deflection between the box beams in the bridge model. This demonstrates that the load distribution can be restored on bridges with a 30°skew angle, even when longitudinal cracks exist.
• The TPT forces applied at the transverse diaphragms caused localized transverse strains on the deck slab near the transverse diaphragm over the outer beams. AASHTO's (2007) recommended uniform stress level of 1.7 MPa (250 psi) owing to transverse prestressing was not achieved.
• Finally, a wider-width bridge (this study), compared with a narrow-width bridge in a recent study, provided more resistance during transverse posttensioning. Hence, bridge width appears to be a dependent factor in the choice of the appropriate TPT force level. 
